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For the evaluation of the cli1nabc change 4uanti LaLivcl_v, I present the resulしs goL bv four 
rncthocls. These are two kinds of 11un1erical sin1ulation and one database of tbc fossils, 
and an observation systc111 sin1ulation experin1ent. For Lhr 11uu1eriral sinuilatiou, the 
1nodels used in this thesis are a two di111cnsional seasonal energy balance n1odel aucl a 
carbon cycle model. 
Methods and results of each section of this thesis are su1nr11arizcd as follow; 
1. We present a carbon cycle n10del(SKI 111odcl), s11111lar to the GEOCAilI3 1nodcl
(Berner 1991) in order to esti111atc cli111ate change quaut.itatively. Ternpcraturc
variation esti1nated by a carbon cycle 111o<lel is within several degrees <luring the
Phanerozoic. We show that the possibility of coal deposits during the Carboni£­
erous was the result of low weathering factor rather than wannth (Chapter 3).
2. vVe use two-dirneusional seasonal energy balance rnodel (sirnilar to North et叫
1983) and conduct runs with land-sea configuration of various periods Lhrough­
out the Phanerozoic, other boundary conditions being equal. Temperature varia­
Lions estimate<l by an energy balauce n10del are within several degrees during the
Ph anerozo1c (Chapter 4).
3. We 1nake a database of the fossils for the reconstruction of the paleo-cli111atc. By




result suggests the existence of tlw high land in the 111i<ldlc lati tucle during the 
Permian (Chapter 5) 
4. We estimate sarr1pling error of the collcctillg sa1nples during the Phanerozoic by
using observation systern simulation cxpcrjrneu ls. Our results suggest that even if
the temperature <luring the Phanerozoic is assu111cd to be constant, sa1npli11g er­
rors caused by the changing land-sea distribution n1ay result iu apparent variation
of global 1nean temperature by several degrees (Chapter G).
After these results, for the quantitative cvaluaLion of the palco-clilnate, we found two 
possibilities of the global change during the pasL. 
First, either of the two types of plausible forcing can produce global change. Climatic 
change estimated by previous studies rnay be explained by these 1nechanisn1s. 
Second, climatic change csti1nated by evidence in the previous studies does not always 
indicate global change. Thus, it is suggested that what is called global change may not 
exist. 
I conclude that global change in the previous studies need to be re-evaluated by 1nore 
quantitative m叫1ods.
For example using the plausible rneしhod of the re-eYaluation of the paleo-clirnaLe, I 
suggest the concept of the clirnatic fossil. Cljn1aLic fossil is a concept introduced in 









Quantitative Estimation of the 
Paleo-Climate 
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After the invention of n1ctcorological instnunC'nts and the application of fluid clynarnics 
to climate models, cliuratic condition of tlw Earth's exterior (see following paragraph) is 
displayed by clin1atic elcn1entsしhat can be observed by the 1ncteorological instru111e11Ls 
and that can be simulated by nurnerical rnoclels. \,Vhat we call'global change'indicates 
variation in the condition of the Earth's exterior described by its cli111atic cle111euts. 
In general, the term'paleo-cli111ate'indicates the cli1naLic conclitiou before the appear­
ance of the meteorological observation. However, the coucC'pt of the paleo-cli111atc has 
been variously and vaguely defined; This concept indicates 100 years to l billion years 
in its tirne scale and l kilon1eter to global iu the spatial scale. In paleo-clirnaLc, what 
we call'global change'or cli111atic change is ofLeu disp]aye<l by historical or latitudinal 
distribution of the evidence of organis1ns or 11011-orga11ic 111aLLcr which are somehow 
related to clirnatic con di tiou (e.g. Frakes et al. 1992). 
The evidence indicates the cli1naLic condition at certain tin1e in the past. However, 
it does not usually correspond to the value of a single clin1atic elemeuts. For exa1nple, 
the evidence of ice sheets indicates the place where the ten1pcrature was lower than 0 
�C and also eno叫1 water was supplied. 
There are three types of questions when we c01npare global change of the paleo­
clin1ate with global change after the devclopn1e11t of the rneLeorological instrurnents as 
follow; 
1) How 1nuch global change ca11 be iucliしated b_y a siugle or few pieces of evidence?
，
 
2) I―low n1uch correlation is there between the cvicleuce and the cli111aLic ele111e11ts?
3) How 1nuch variation or <listributiou iu the C'videuce is enough to indicate global
change? 
In this thesis, I present the rapid proto-typing of the quantitative esti111aLio11 ofしhe
global change during the past. It is our iutcnLion to enable the con1pariso11 of the 
clin1atic condition esti111aLe<l by evidence wiLh clin1atic elc111c11ts. 
Earth's Exterior The concept of the Earしh rxtcrior is iuLrocluccJ i11 parallel Lo the 
Earth's intcrior(solid Earth). The Earth's exterior consists of land surface, ocean, 
atmosphere and part of the crust and 1na11tlc Lhat affect to laud surface, ocean and 
atrr1osphere. One of the rnosL irnportant variability of Ll1e Earth:s exterior is cli1naLe 
change. 
er 1n1ate-1ndicator Th l' t" . d' t e c nna 1c 111 1ca or 1s a conceptしhat includes not only cli1natic
elements but any evidence that indicates clin1atic condition. 
1.1 The scope of the 'Paleo-Climate' 
Effective results of palco-clirnatology should ha\·c thrrc characteristics: they should b 
based on the facts, causal and quautitative. 
In the previous works
1 
there are 1nainly two approaches to cstiruate the paleo-climate. 
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They are en1pirical approach aud 111echa11istic approach (sre followiug paragraph). The 
third approach, assinrilaLive approach (sec follo,,·iug paぷagraph) is used in 111ctcorology, 
but not so often used in the palco-clin1aLology 
� t!echanistic approach is causal and quantitative, \\「hereas e111pirical approach is fact­
based. However, data got by e111pirical approach and 1nechanistic approach were hardly 
corr1parable. Thus, it is uecessary to have assi111ilative approach which can supply 
cornparable data between 1ncchanistic approach and e111pirical approach. 
Frorn a methodological viewpoint, Lherc arc Lwo in1portant distiucLions between the 
approaches to the paleo-clin1ate. First, it is i111portant whether the data got by each 
approach is quantitative or qualitative. Second, it is i1nporta11L whether Lhe data got 
by each 1nethod is tcn1poral or spatial. In the followiIJg sections, I discuss these two 
points. 
1.1.1 Quantitative/ qualitative data of the paleo-climate 
Iu 1neteorology / clin1atology, because of the application of the fluid clyna1nics to the cli­
mate 1nodcl, results of the n1ctcorological observation is written in terms of quantitaLiv 
parameter, the cli1natic elernents. However, in gculugy and geography, <lata analysis 
based on the uniformitariaisn1 and the law of superposition present the qualiLaLive data 
written by the organic as well as inorganic eviclcucc of the past cliruate. Thus, their 
reconstruction of the paleo-diruate is qualitative an<l co111plex. 
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1.1.2 Temporal/spatial view of the paleo-climate 
In geology a11d geography, palco-cli111ate is discussed by the distribution of the orga11i 
as well as inorgauic evidence of the past cli1nate. Difference betweeu geology an<l 
geography is as follows: 111 geography, discussion of the clinia tic cJm11ge is mainly n1a<lc 
by clin1atic classification, the spatial(gcog;raphical) distributiou of the evidence. I11 
geology, discussion of the cli111aLic change is rnaiuly 111a<lc by stratigraphy, variation of 
the evidence in the ti1ne. 
Mechanistic approach Characteristics of the data got frorn Lhe "1nccha11isLic ap­
proach" is quantitative daLa uucler the simple condition. Exa111µlcs of Lhc "111ccha11isLi 
approach" are astrophysics and theoreticc1,l physics. The 111echanistic approach of しhe
estirnatiou of the paleo-cli1I1ate suggests Lhe behavior of the sirnµle parLs of the Ear しh'
exterior. 
E1npirical approach Cl 1aractenst1cs of the data got horn the "empirical approach" 
is qualitative. However, data got fro1n the "ernpirical approach" suggests coruplex 
condition of the clirnate. Exarnples of the "ernpirical approach" are mineralogy and 
zoology. In the empirical approach of the esti111atiou of the paleo-climate supplies 
qualitative estimation of the facies fossil. 
Assi1n1lative approach Characteristics of the data got l>y assi111ilative approach is 
corr1parative data with en1pirical approach or 111ccha11istic approach. Exainple of the 
"assin1ilative approach" is four <limensio11al data assimilation (scr chapter 2). 
1.2 Thesis outline 
In this thesis, I define assi111ilaLive approach as 111aki1Jg <lata set got by the crnpirical 
approach cornparable with the 1nechauistic approach. This thPsis includes several at­
terr1pts to establish the assi1nilative approach (Cl1apters 2, 5,aud 6) and smne exan1 ples 
of the mechanistic approach (Chapters 3 a11<l 4). Though it docs uoL inclu<lc pur 
empirical approach such as field studies, data got by e1npirical approach are handled, 
especially in Chapter 5. 
In the Chapter 2, I discuss the concept of Ure'cl且natic fossi『as a fundamental concept 
for a cor11parative data set of the n1echanistic approach and e1npirical approach. 
In the Chapter 3 and 4, I present the results of the 11ur11erical si111ulatious of the 
paleo-cli1nate as exarnples of the 111echa11istic approach. 
In the Chapter 5, I c01npile the database of Lhe data got by ficl<l studies of geology for 
makiug comparative data set of the 111echauistic approach an<l the ernpirical approach. 
In the Chapter G, I discuss the possibi]iし.v of the co1nparison between the empirical 
approach and the mechanistic approach. 
The target of our present atte1npts with a history of the global cli111ate is through 
the Phanerozoic (through the last GOO 1nillio11 years) 
1.3 Results of this thesis 
Quantitative estirnation of the paleo-chn1ate is useful to co1npare the past a叫the
future condition of the Earth's exterior becausr q11叫itative data set of the cJi111ate is 
easily compared. If we can get realistic i111agcs of the global change wheu Lhe global 
change occurred frorn the palco-cli111ate analysis we can easily un<lcrsLancl what can 
happen in the future. 
Results of each section of this thesis are su111rnarizecl as follow; 
1. Te1nperature variation esLi1naLecl by a carbon cycle 111oclel is wi Lhiu several degrees
during the Phanero� んoic. vVe show the possibility of coal deposits <luring Lhe
Carboniferous was the result of the low vveaLhering factor rather than warrr1tL.
(see Chapter 3).
2. Temperature variation estirnate<l by au energy balance rnodel is within several
degrees during the Phanerozoic (see Chapter 4)
3. Distribution of the ice (circle). eYaporitc(triauglc) and plants(cross) arc shown
i11 Figure 5-5. This result suggests the existence of the high lancl ill the n1i<ldle
latitude during the Pennjall (sec Chapter S).
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4. Even if the tc1npcrature duriug the Phanerozoic is assu1necl to be constant, sarn­
pliug errors caused by the changiug land-sea. distribution n1ay result in apparent
variation of global n1ea11 tc111 peraL11n'b_,·se\·eral Jrgrccs (see Chapter G).
Details are showu iu the following chapters. 
1.4 Summary 
For the quantitative esLi1natiou of the palco-clin1ate, we found Lwo possibilities of the 
global change during the past. 
First, either of the two types of plausible forcing can produce global change. Clirnatic 
change estimated by previous studies 111ay be explai11ed by Lbese 1ncchanis1ns. 
Second, clirnatic change esti111atcd by evidence in the previous studies does noL always 
indicate global change. Thus, it is suggested LhaL what is called global change rnay uoL 
exist. 
After these discussion, I conclude that global change i11 the previous studies neccl Lo 
be re-evaluated by 1nore quantitative rncthods. 
For exarnple, using the plausible n1eU10d of the re-evaluation of the paleo-clirnate, 
I suggest the concept ofしhe clirnatic fossil. Cliruatic fossil is a concept introduced in 




An Application of the Four 




For getting any knowledge of the cli111abc chauge 、 11·e ueecl to observe what happcuc<l 
by the facts, and Lo explain what can happen b_v usiug theory or 11u111rrical si111ulatio11. 
We call the funner case "En1pirical Approach'. and we call the latter case "f\1cchauisLic 
Approach". 
Data got from the Lwo approaches have cliffereuL characteristics i11 general. D叫a
got fron1 the ernpirical approach is qualitative ancl fact-based. On tl1e other haucl, Lhe 
mechanistic approach pro<luces quantitative and abstract infonnatio11. 
Without mechanistic approach, we canuot geL any quauLiLative infonnaLion. On the 
other hand, without en1pirical approach, we can11ot verify Lhc resulLs of the numerical 
sin1ulation. 
In this chapter, we discuss the third approach to the palco-cli1nate, "assimilative 
approach" for the quauLitative esLin1ation ofしhe paleo-di1nate. 
2.2 Estimation of the global change 
In general, there are two approaches for the csti111ation of the global change in the 
past: en1pirical approach(e.g., field work) and mechanistic approach(e.g., uurnerical 
sirnulation). 
Figure 2-1 is a diagra1nrr1atic reprcscntaLio11 of rncthoclology of the estirnation of 
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the global change. Global change esti111atcd by numerical si111ulatio11 (1nccha11istic ap­
proach) is written by spatial distribution of the climatic rle111e11しs. On the contrary, 
global change estirnaLed by field work (c111pirical approach) is wriLLen by the tc1np .. ー
ral distribution of the cliu1ate indicators at Lhe point. A11 rxample of the 111echanistic 
approach is the GCM calculation auc.l an exa111plc of the empirical approach is the lat­
itudinal distribution of the ice 1nargi11 during山e Pha1terozoic (Frakes cl al. 1992). 
As evident frorn figure 2-1, we have two kinds of fundan1eutal difficulty in cornpariug 
results from the two approaches. 
1) Clin1ate indicators and clin1atic elc111c11しs <lo not al ways 訊1ggcst sarne conccµL of
the cli1nate. 
2) Spatial distribution esLi111ated by 1ncchanistic approach is uoL always cornparablc
to the tcrnporal distribution estirnatcd by empirical approach. 
For getting any solution of these problen1s, we 1nust get two kine.ls of the concepts 
that show the relationship bctwceu empirical approach and 111echa11istic approach. 
1) Data sets got fr01n geological :ficlc.l works (we show it as an exa1nple of the cn1pirical
approach) and from nu111erical sin1ulaLio11 (we show it as an exa1nple of the 1nechanistic 
approach) sh叫d be cornparable. 
2) T he relationship beLwecn Li111e-series data got fron1 held work and spatial c.laLa got
fro1n numerical simulation rnusL be clear 
To n1ake the two concepts clear. we need to aclcl two kiucls of data sets: One is the 
ー
time-series data got fro111 nurncrical si1nulaLio11. The other is the spatial data got fron1 
伽kl work. 
\tVhat we call'data assin1ilaLiou'is the data co111pariso11 between the spatial <laLa 
esti1nated by numerical si1t1ulation and spaLial c01npilcd clata of field work. \i\
r
hat we 
call'analysis of global change 1 is しhe co1npariso11 between the ti1ne-series data estimatr<l 
by field work and nurnerical simulation. 
2.3 Marginal utility of the Fol1r dimensional data 
assimilation 
In modern meteorology. the pararneters used Lo present the results of the observatious 
(empirical approach) are quantitative physical para1neters. Also, the meteorological 
modeling (mechanistic approach) that is based 011 the physjcal law uses the sarnc vari­
ables. This coincidence enabled the four din1ensio11al data assirnilation that was the 
method getting unifonn dataset of the cli111aLic ele1nents Gy using both observation 
and sin1ulation(Tokioka et al. 1993). '\Ve can use four-din1e11sional data assirnilaLion 
effectively during the last 50 years because enough data set of the observation was 
provided. 
Can we use sarne rnethods for quautitative estimation of the paleo-clirnatic chauge? 
Even for the paleo-cli111atc
1 
the niechanisしic approach produces a lirnitcd variety of 
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'quantitative physical paraineters'. Especially for the 1novcn1rnL of the air or tc1n­
perature in the paleo-cli1nate, the sa1ue pararnrtPrs as in LhP 111o<lrrn rnctcorology is 
used. 
The typical example of the e1npirical approach to the paleo-cli111aLe is geological field 
work. There clin1atic condition is presented by the distribution of the facis fossil, which 
is essentially fossil that indicates its secli111e11tar_v condition. 
In other words, any facis fossil 1nay be a'qualiしative indicator of the effect of physical 
processes'. The'physical process'include various elen1e11Ls, e.g., temperature, pressure 
concentration of the at1nospheric CO 2. 
Let us Lake an example of a n10uutai11 glacier. In the 1nccha11isLic approach, conditiou 
where the mountain glacier is explained likr; 
'a place on the surface has the pressure 800hPa and the annual rnean ten1perature 
below -10 ° C'. 
In the case of the empirical approach, the sarne place is probably introduced as 
follows; 
'there is ice at an altitude 3000111 and it docs not 111clt in the sun1mer'. 
It is not so easy to compare the data got by crnpirical approach and n1echauisLic 
approach in the paleo-cli1natc. 
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2.4 Reconstructions of the paleo-climate by assim­
ilative approach 
For the csti1natiou of the clin1atic cha11ge, spabal contrast of the clin1aLic change is 
111ore in1portant because spatial contrast of thr clinratic clc111cnts coutrols circulation 
of the ocean and the attnospherc. Thus. it is 1nore i111porta11t to reconstruct global 
distribution of the clin1atic ele111c11ts, even if the low precision data set, than the high 
precision data provided for a li1nited area. 
We call assimilative approach to make the co111parati ve data set of crnpirical approach 
and mechanistic approach. 
In the previous studies, condition of the past clin1aLe was esti111ated by nurnerical 
si1nulation and field work. However, except CLI1\1IAP, these two kinds of the data 
cannot be corr1 pared. 
CLIMAP(1981) is an cxa1nple of atte111pts to 111ake con1paraLive data set ofしhe em­
pirical approach and niccha11istic approach and to reconstruct of the global distribution 
of the clin1atic elerneuts of the paleo-cli11叫e.
In the CLIMAP estimation of山e paleo-cli1nate, radioraria or fora1ninifcra are used 
for the estimation of the past SST(sea surface tc111perature) or 1nass of the ice-sheet. 
Especially, past SST was calibrated by e111pirical fonuula cstin1ate<l by habitat of the 
present foraminifera. 
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2.5 Proposal of a new concept 1of'climatic fossil' 
CLIMAP was an atternpt to obtain the globa] distribution of clima,tic elernents (pararn­
eters used in the 1nechanistic approach) frorn obsen·ations of climate i11dicators (fossil). 
It was possible because rnost of the fossil species i11 lhe Late Quat auary exist at present, 
aud their present habitats can be use<l as Lhc stauclar<l for the e111pirical fonnulas. How­
ever, making of this kind of e111pirical fonnula, was difficulL because ahnosL biota had 
already extincL and we cannot little infonnation of its habitat of the extinct a11i111als or 
plants. 
In general, climate indicators arc results of various processes (e.g., ecology, scdi1ne11-
tation, diagenesis). Thus, it is difficult to obtain a single value of a physical variable (a 
cli1natic elen1ent) from thern. Especially, when we estiruatc palco-cli1nate before Qua­
ternary, it 1nay be i1npossiGlc to 111ake en1pirical forrnula because of the evolution or 
extinctio11 of the biota, i11 general. Even if it is possible, this e1npirical forrnula has great 
uncertainty. However, eveu for extinct biota, i11forn1ation got frorn clirr1ate indicator 
is limited: if there were trees, there was enough water resources; the evidence of the 
ice indicates that ternperaLure was below O ° C; cvaporiLe iu<licates that evaporation at 
the place exceeded precipitation. These results present son1e range (iutervals) of the 
physical pararr1eters. In general, a si11gle facies fossil cannot iu<licate a climatic elernenL 
in the form of its most probaGle value an<l its error. However, if there are several kinds 
of facis fossil at the sa1ne or neibouring place, this assemblage can limit the range of 
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the physical pararneters. 
For the comparison of the two values cstiu1ated by theory and observation, we need 
a cli111atic fossil that was de且uecl by the range of the several kinds of the physical 
para1neters. Fron1 the ernpirical approach, the interpretation of the obscrvatio11 is 
simplified; we need several kinds of the obserYaLion and its asscn1blage can iudicate 
the most probable range defined b_\·the physical pa闊 111eters. Fron1 the 111ccha11isLic 
approach, the interpretation of the si1nulatio11s is n1ade co111plcx; we 11cccl several kiucls 
of the results of the nun1crical si111ulaLiou and we co叫叫e Ure results of the nu111erical 
sin1ulation and observation by using its assernblage. EsLinraLion of the paleo-clirnatc 
by using clirnatic fossil is probably rougher tha11 estin1ation of山e present cli111ate by 
using clirnatic elemenしs. However, it is de屈ilecl e11 叫gl」 for the esLin1ation derived frorn 
the fossil or other q叫itative data source. 
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Part II 




Global Mean Tempera·ture 
Variation during the Phanerozoic 
estimated by carbon c�vcle model 
with Weathering-CO2-Temperature 
feed back system 
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3.1 Introduction 
During the Phanerozoic (the last 600 111illio11 \·ears), clin1aLe change, especially surface 
ternperature variatio11, are 111血ly caused by two processes; 1) variation of the green­
house effect caused by changes of the atmospheric CO 、2 COllCCllしration, and 2) variation 
of the ice-albedo feedback caused by the changes of Lhc lancl-sea distribution. For 
the forrner process, Ber11er ancl co-workers prcscnLccl the l3LAG rnoclel (Berner et al. 
1983) and the GEOCARB rnoclel (Berner 1991, 1992, 1994) in order to determine the 
long-term trends of the CO2 concentration iu the at1110sphere based on the geochemical 
carbon cycle. Kasting (1984) and Kasting aud Hich叫sou (1985) es Lin1aLed sensitivity 
of the BLAG 1nodcl wiLh chauging しhe size of the cとしrbon reservoirs. Tajika and Ivlatsui 
(1993) estimated the evolution of Lhc atmosphere using a 111odified GEOCARB 1nodel. 
For Lhe latter process, Crowley et al. (1987) discussed the ice-albedo feedback using an 
energy balance model based on the balance eq叫io11 of energy. There is no doubt that 
we should include both processes to esti111aLe paleo-ten1perature correctly. However, 
before proceeding to build a fully coupled n1oclel, it is worthwhile to evaluate the sen­
sitivity of its components to their poorly known para111eters. There are 1nany factors 
that affect climate change ancl some of thcn1 have noL cornpletcly been investigated 
quantitatively. 
In the prese且t paper, we will discuss the fonncr process. The atn1ospheric CO2 
concentration is strongly affected by weathering a11cl burial rates (Volk 1987). Both 
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weathering and burial processes are affected by 111a11y factors, snch as atrnosphcric 
CO2 concentration, ten1perature of the surface au<l river runoff. Iu the GEOCARl3 
model, the burial process is esLi1naLed frorn the Yariation of tire isotopic ratio of th 
shallow rnarine carbonate, an<l the weaしhering processes are assu111ed Lo depend 1nai11ly 
on the productivity of the land plant. The pareし111etcr of lancl plant productivity is 
incorporated in such an awkwa訳l way that this pararnctcr canuoL be equal Lo zero even 
for the age without land plauts (i.e., before 400 1nilljo11 years before prescut also denoted 
as "400 m.y.b.p." or "-400 111.�·.''). \Ve叫so observe that in a si111ple GEOCARB-Lype 
model, the results are very sensitive to the weathering paran1etcr (i.e., laud plant 
productivity). In a version described by l3en1cr (1989), if the laud plant productivity 
before 400 m.y.b.p. is taken Lo be 0.15 and 0.5 (in his 11011-dimensio叫defi11ition),
the resulting concentration of the atuwsphe直CO2 is 10 a叫2 (tirnes the present 
level), respectively (Berner 1989). Another point to be r11e11tioned is that the result 
of the GEOCARB 1nodel shows a higher at1nospheric CO 、2 concentration and a higher 
temperature during early Paleozoic era than suggested by geologists with qualitative 
evidence. Crowley and Bau111 (1991) tried to explaiu the existence of a continental ice 
sheet during late Ordovician under such high conccuしration of atrnosphcric CO2 in the 
frarncwork of energy balance and paleo-gcograpliy. However, because of the uncertainty 
of the weat.hering rate, it rnight be the case that the CO 、:l level was not so high as they
assumed. Thus, we need a better fonnulatiou of Lhe weathering processes, which would 
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work reaso11ably, and we also should check thc eflでct of the weatheri11g para111cter to 
the carbon cycle model. 
In this paper, we present a new 111o<lel, called the SKI .mo<lcl, based 011 the GEOCJ\IlD 
1nodel but incorporating a so1newhat 1110rc ral ional fonnulation of the weathering fuuc­
tion, and discuss sensi ti vi Ly of this 111odcl to the pararn eLer of the weathering. We also 
show that a CO2 level vvhich is consistent with ice-sliceしformaLion can be obtained 
using the appropriate paran1c犀
3.2 Formulation of the Model 
Fonnulation of the rnoclcl which we use basically confonns Lo the G EOCARD 1nodel 
(Beruer 1991, 1994). Principal change in this study is the fonnulation associatccl with 
the weathering. In our fonnulatiou, the processes of the weathering arc divided inLo 
the biological and non-biological processes. Iu our 1noclel, paleo-Lenrperature variation 
is estimated by a zero-di1ncusional energy balance n1odel (EBI'vI), in order to obtain the 
biological effect of the weathering. 
In the following secLions, we review the fonnulatiou of山e G EOCARB model briefiy 
and describe difference beいveeu the G EOCARD 111odel a叫our SKI 1no<lcl. 
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3.2.1 GEOCARB model 
In the GEOCARB rnodel (Berner 1991), three carbon reservoirs, oceanic and at1110-
spheric carbon (A), organic carbon (G), and carbonate carbon (C), are consi<lere<l (se 
Fig. 3-1). The prognostic variables are the 111asses in the two reservoirs of organic 
carbon and carbonate carbon in the crust. The at111osphcric and oceanic storage of 
carbon is assun1ed to be iuしhe sしeacly state condition clctcnninccl by the balance of 
恥xes. Six fun dam en tal恥xes a1nong three reservoirs are consi<lerecl: vVeathcring of 
Ca- and l\!Ig- silicates of carbonate rocks (F山c) a11d sedi111cntary organic carbon 011 th 
continents (Fw9); Burial of the Ca- au<l l\Ig- caroonate (F&c) an<l orgauic 1nattcr (Ji砂）
in se<li111ent; Therrnal恥eakdown of the carbonate (Fmc) a叫organic 1nattcr (Fmy)-
Mass balances a1nong the reservoirs are giveu by 
d(A)/dl = Fwc+Fmc-Fbc (3.1) 
+Fwy+ F� 四 ― 凡， = 0
(stcacly state assun1pLion) 
d(G) I dt 
d(C)/di 
-Fw9 - Frn9 + Fu9 















 Isotopic mass balances of 13 C in tb e rcserYoirs arc given by 
d()Cil X A)/dt =心(F口＋凡叫ー(1\J1 - ar;)Fbg 
+)<c(Fwc + Fmc) - (心）几=0
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(3.4) 
(steady state assu111ption) 
d(.,-rc x G)/dt 
d(){c x C)/dt 
(XA―位）八ー心(Fwy+ Fmg)
(_;\心Fbc - }.;_c(Fwc + Fine) 
where 















Xe: concentration of 13C iu the carbonates rock, 
Xe: concentration of 13C i11 the organics 1naLter, 
and 
ac: fractionation of carbon isotope bctwccu organic 1natler and backgroun<l 
(ocean and atmosphere) 
The concen.Lration of 13C, is often expressed inしhe fon.n of 6 13 C as 
D 13 Cr = (.,X-r - .,\. s ld) / (ふ叫 (3.7) 
where Xr is the concentration of Lhe 13C (r is either A, G or C) and the suffix sld 
denotes the standard n1aLLer. In the GEOCAR13-typc n1odcl, }:A (l) is given fro1n 8 13C 
of shallow seawater as recorded by calcareous fossils and li111esLone. 
The fluxes among the reservoirs are proportional to the mass of the carbon in each 
reservoir. They are also af
f
ected by 111a11y other factors. Berner and co-workers assumed 
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that the fluxes are expressed si1nply b:v the proclucしs of thc111. This concept is used in 
our rnoclel. For exan1ple, the fluxes bct\vccu carbonate(C), orga.uic:s(G) and ocean­
atn1osphere(A) by weathering r11ay be givC'n by 
Fw(' = fB(Rco2)l,.1(t).f11·(t)kwcC 
J-1�1g = !11 (t)fn(t)kw9G
Fmc = fG(t)kmcC































where Rco2, f s(Rco2), fバ(t), .f n(l), .f c(t) anJ .ft,,(t) arc aL111ospheric CO 、2 co11ce11しIむ
tion normalized by the presenL value, dependence of weathering on叫1 1ospheric CO 、2'
dimensionless parameters of Lhe land area, 1nC'a11 land elevaLion, degassing rate and Lh 
weathering rate (expressed as fE(t) in Ber11er (1991)), respecLively, and kr (r is either 
we, wg, 1nc, or rng) are rate co11sta11ts (see Ber11e1・ 1991 for details). In Lhis study, we 
re-estimate the land area (J 1\) by using maps of paleogeography (Scotese aud McKer­
row 1990). In the GEOCARB n1odel, the relative proportion of carbonates in shallow 
marine area to deep sea (fc) is in trod uccd. \ Ve ucglect this (i.e., fc = l) in Lhe SKI 
rnodel, because Jc is not ef
f
ective to atinosphcric CO 、2 concentration as long as the first 
order rate constants如is given fro111 the presen L day mass of carbonate and orgauic 
carbon (Berner 1991). Other pararneters except for the weaLhering which we djscuss in 
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the next section are 1nai11lv taken frorr1 Berner (1991). Para111eters used i11 this study 
are lisLecl in Table 1. 
3.2.2 Weathering flux 
Weathering is the chemical process in which carbonate ancl organics are broken and 
produce CO2. Thus, the weathering rate is greatly influenced Ly Lhc carbon fluxes, l1 111c 
and Fwg ·The processes of weathering 1nay be divided into the biological process wLich 
is 1nainly controlled by the dissolution and erosion by activities of Lhc land plant, and 
Lhe process of the physical desLrucLio11 (Sdnvn,rLzn1au au<l Volk 1989, Volk 1989). 
In the GEOCARB rnoclel, only the laud plant pro<lucLivity (fE) is taken as the 
"weathering" pararneter (i.e., !iv = f1J. Evolution of the productivity of Lhe laud 
plant is assurned to be iu three stages, ·i.e., the la11<l-pla11t-less age, Lhe vascuJar plant 
and gymnosperm age, and the angiospenu age, and the productivity (JE(t)) of each 
stage is taken to be 0.15, 0.7G and 1.0, respectively. During the laud-plant-less age, 
before 400 111.y., the productivity of the land plant is not assun1e<l Lo be zero, because in 
the formulation of original GEOCARB 1110dcl zero proclucLiviLy of land plants i111plies 
no solution. In the GEOCARB-type rno<lc], 山e laucl plant productivity has large effect 
on atmospheric CO2 or LernperaLure(Ber11c1・ 1991).
In the SKI 1no<lel、fonnulation of the weathering is 
fw(t) = a.f砂(t)+(l-n,)い。 (I,)
32 
(3.12) 
where fp1i (t), fbio (t), ancl a are the di111c11sjoulcss para111eters of weathering aiiectcd 
by non-biological causes, di111e11sionless parameters of weatheriug aiiectecl by biological 
causes, a11d the relative intensity of the physical processes Lo the total, respectively. 
This formulation per111its'恥。 = O'iu the age wiしhouL laud plants. 
If the weathering rate by physical process is 111ai11ly controllc<l by river runoff (Bcruer 
1991), we obtain 
]p1i(t) = .Iり(t,) (3 .13) 
where fo (t) is the <li111ensionless pararneter of river ruuo1「(Skinner and Porter 1987, 
Tardy et al. 1989). 
111 this study, we assun1c that jい。 is proportioual to the pl10Losy11Lhetic productivity of 
land plants, the productivity of land plants is <lcpcHdeut on enviroun1c11しal f actors, such 
as concentration of atmospheric CO2 and ten1perature. Dependence on euviroun1ental 
factors of the plants have changed in the course of evolution (Drcver 1996). Generally, 
the photosynthesis of n1ost of vascular plants au<l gy111uospen11s is of the C3-type and 
that son1e of angiospenn is of the C4-tyµc. Defore the appearance of the angiospenn 
(i.e., before 120 rn.y.b .p.), the photosynthesis was clo111inatecl h,v the C3-type. Ilowevcr, 
after the appearance of the angiospenu, photosy11しhesis 011 the Earth's surface was 111aclc 
both by C3- and C4-type. The n1ajor cliff℃ rcnce between C3- and C4-type plants is found 
iu the efficie11cy of photosynthesis at low CO2 c、OllCClltralしiou and low tcrnperature (Ishii 
1992). C4-type plants make the photosynthesis 111ore 出ctively at low CO、2 concentration 
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and low temperature than C3-type plants do. 
At present, the land plant productivity is a function of Lhe atrnospheric COrlevel(Rc02) 
and the rnean surface tcn1perature (Ts ) ancl it 111ay be written as a product of the f uuc­
tious of thcrn as approxirnated by 
P = {Ax(Rco·J 2 +BxRcu2 +C} 
X {DX 冗 +ExTs +F}
(3.14) 
(after Ishii 1992) where A, B、C, D, E and Fare consしa叫s. In the case of the C3-type 
plants, A, B, C, D, E and Fare 0.0, 0.035, 0.0, G.67 x 10-1 1<:-2, 1.67 x 10-2 K-1 a叫
0.9, respectively. In the case of Lhe C4-typc plants wheu Rco2 is larger than 0.7, A, 
B, C, D, E aud Fare 0.0, 0.0: 4.07, G.O x 10-'1 K-2. 0.41 K-1 a叫0.29, respectively. 
In the case of Lhe C4-typc pla11ts when Rco2 is sn1aller than 0.7, A, B, C, D, Ea叫
Fare 3.7 x 10-5, 1.3 x 10-2, 0.0, G.O x 10-4 K-2, 0.41 K-1 and 0.29, respectively. We 
assume that the efficiency of photos�·nthcsis has changed little with Lin1e since the land 
plants e1nerged. Then, the land plant producti,·ity iucluding evolutionary factor is 
fぃ。(t) = /3Pc3(t) + (1 - p)Pc4(i) (3.15) 
where Pc3(t), Pc4(t) and {3 are the land plant productivity per unit area for the C3-Lype 
plants, that of C4-type and tl1e portion of C3-type plants, respectively. 
We take the {3-value 1.0 fron1 350111.y.b.p. to 130 111.y.b.p .. 0.8 after 80 m.y.b.p., linear 
interpolation between 130 n1.�·.b.p. a叫80 111.y.L.p .. Before 400 m.y.b.p., since there 
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were no laud plants, j如(t) is scL Lo be zero. 
3.2.3 Estimation for global mean temperature 
The G EOCARB model can esti111ate the co11cc11いaLiou of at.1nosphcric CO2 . However, 
it docs not estirnate the global 111ea11 ternperatnre on the surfacr explicitly. Iu the SKI 
rnodel, we esti1nate the global n1ea11 ten1p図at.urc as an inclicaLion of the variatiou of 
global clin1ate change. As shown in Lhc above, the weathering rnLe is also aHecLe<l by 
the global 111ean temperature. 
zoro-dimensional energy balance n1odel VVC'csLi111aLe Lhe global 111ean te111pcr­
ature by a simple zero-<lirnensional EDJ\l (Energy Balance l\,lo<lcl). The equation of 
energy balance of the unit surface area of the Earth including the greeuhouse effect is 
given by 
(l/T(L))aT5 (t)4 = 0.25(1 - A 1 (t))S。(i) (3.16) 
(after Houghton 1977) where A 1 , S。, T, o- aud Ts isしhe rnean planetary albedo, the 
solar constant, the efficiency of greenhouse effect, Stefan-Bolしz1nann constant, and the 
mea11 surface ten1peraturc, respectively. The left-hand side of (3.16) expresses the 
total radiation energy fro111 the Earth's surface aucl Lhr righL-hand side is Lotal energy 
income fro1n the Sun. Usi11g Lhe preseut values of T'.�(=288K), S。 (=1370 W /mり， and
At (=0.30), we get the present T-valuc, T(0)=1.G3. E4. (3.lG) implies that the change 
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in global surface ternperature is a fu11ctio11 of three para111eLers; value of the global 
n1ean albedo (Aリ，solar constant (S。) , ancl efficiency of the greenhouse effect (T). Iu 
the following section, we describe the 111ethod to esti111ate these para1neters. 
Solar constant The solar lu111inosiしy, L(t), is approxin1aLecl hy 
L(t) = (1 + 0.4(L/to))L(O) (3.17) 
(after Kasting and Toon 1989) where L(O), t。 and tis the solar lu1ninosiLy of Lhc prrscnL, 
present age of the Sun (4600 1n.y.), ti111e (111.y.b.p.). Neglecting the change of the orbital 
elements (e.g., distance fro1n the Sun to the Earth), the solar constant is proporLioual 
to the solar lu111i11osity and we obLain the solar consta11t as 
S。(t) = (1 + 0 .4 (t,j l0)) S'。(0) (3.18) 
This shows that the solar coustaut at -600 111.y. is 5 percent s111allcr than at present. 
Greenhouse effect Greenhouse effect is caused b)'the grceuhouse gases, for exarnplc, 
CO2, CI―14 , and so 011. Iu this st叫y, only lhe eHecL of CO2 is taken into consideration. 
The conceutraLion of waLer vapor i11 the atmosphere is 111ainly conLrollecl Gy Leu1peじ
ature, because the ocean is effectiYe infinite water source. MoisLure supply acLs as a 
positive feedback to greenhouse e廿ect of CO2. The effect of otl1er greenhouse gases, 
such as CH 4 , is ignored. Despite their strong radiative cf「ects per 1110lecule, their con­
centration is believed to be so s1nall that llJe)'cannot dominate over the ef
f
ect of CO2 . 
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Studies based on genrral circulation n1o<lels and radiative-convective 111o<lels show 
that if the concentration of CO 、2 <lo11ble. the global 1ncan te111peraLurc increases 1.5 l"-..J 
4.5 K (HoughLon el al. 1990). Vv·c take 3.0 I(as a plausible value. Regarding the s111all 
variatio11 of ternperature and of the efncicncy of the greenhouse rffecL wiしh Li1ne, we 
obtain the i11crease of the eHiciency of the gree11honse effect as a function of atinosphcri 
CO2 level. During the Phaneroioic, variaLion of global 111ca11 te1nperature is csLi111aLed 
within several degrees, which arc small enough to do the li11car approxi1natio11. If the 
increase in temperature, △ Ts , is 3.0 degrees for LhC'doubled CO2 level, Lhc relationship 
between the CO2 level normalized by the present level (Rco2 ) and the ef
f
iciency of the 
greenhouse effect is given by 
△ T = 0.32G l11(l?ccJ2 ) (3.19) 
Albedo In the SKI nrodel, we assume thaL the rneau surface al1edo is a constant 
(A 1 = 0.3). The albedo is affected by the continental distribution. Especially increase 
and decrease of area covered by ice affect the albedo (Barron et al. 1980). If the ice­
albedo feedback is takeu inLo co11sicleratio11, variability of temperature 1nay be larger 
thau in this study. 
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3.3 Design of Experiment 
All experirr1ents in the SKI 111oclel arc takru forward in time: Starting points of the 
experi1nents are 600 111.y.b.p. and goal to the calculatjo11 is O 111.y.b.p .. One calculation 
is repeated for the various initial couclitions uuLil it satisfied the present value of the 
1nasses of the carbon. Ti111e step of the 111odel is 1 n1ilU011 years. These arc si111ilar to 
the experi1nents of Berner (1991). 
All the experiments are carried out with n = 0.01, 0.1, U.2, 0.4, an<l 0.8. Tl1e case of 
0.01 of the a-value r叩ghly corresponds to the GEOCARB 111oclel, since the weathering 
rate is ahnost equal Lo the land plant productivity. \Ve esti1nate Lhc atrnospheric 
CO2 concentration, global 111ea11 Le111perature, the productivity of Lhe lancl plauts aucl 
weathering rate for each case. 
3.4 Results and Discussions 
3.4.1 Dependence on the value of a-parameter 
Results of the SKI model are surnruarized iu the series of the variation of the at1nospheric 
CO 、2 concentration, ten1perature variation, weathering raLe and laud plant productivity 
versus tirne with variable a-value in Figs. 3-2 to 3-5 
Atmospheric CO2 coucen肛aLion (Rc02) and global 111ean tc1nperature relative to 
its present value (Ts (t) - J'.5 (Q)) are shown with timr. iu Figs. 3-2 ancl 3-3. For the 
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range of a-value we studied, the at111osphcric CO 、2 concentratiou and the global 1nean 
te1nperature during the early Paleozoic a.re strongl)'dependent on Cl'.-valne. After 300 
m.y.b.p., however, exceptしhe Cretaceous, variabous are sn1all for variation of L1'-value.
During the Early Paleozoic, as o,-value doubles, the aLrnosphcric CO2 conceutraLion 
becomes about half, and the global rncan temperature 1-2 d�grccs lower. During the 
Cretaceous, a-value doubles, the global mcau te1nperature becon1es about 0.5 degrees 
lower. 
During the Late Ordovicia11 to the Early Silurian (4SO 111.y.b.p. Lo 400 n1.y.b.p.), 
SKI n1odel with a = 0.01 shows high values of the atrnosphcric CO2 concentration 
(Fig. 3-2) and the global 111ean tc1nperaLurc (Fig. 3-3). This is in accorcleuce with the 
general results of the GEOCARB n1odel (e.g., Bcrucr 1991, 1994). However, <lnring 
the same periods, if a-value is larger thau 0.01, then Lhe Rco2 aud Ts values obtained 
in our rnodel are lower. These results indicate that if Lhe non-biological effects of the 
weathering is larger, both Rco2 ancl Ts becon1c lower. 
It is very difficult to esti1nate the absolute 111ean temperature fro1n the observational 
data. For exa1nple, during the Late Jurassic (rv 150 1n.y.), paleo-tc1nperature is esti­
mated frorn 13.6 to 16.0 °C by oxygen isotopic claLa (Price and Sellwood 1994). Ts for 
0.01�a�0.8 is within this range. In the Phanerozoic, 山ere were s01ne periods when 
ice-sheets developed in wide area of Lhe Earth (e. y., Huggett 1991). If the lowest tern­
perature at these periods (e.g.、rv -GOO m.y.b.p.) is cornparable to or lower than that 
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at present, the best csti111atio11 for global cliruate cl1a11gc 1nay be obtained for a rv 0.4 
in our SKI rnodel. However, the ice-albe<lo feedback by the cxiste11ce of the ice-sheets 
is not included in the SKI 111odel; Ll1is in1plies that our cstinratiou of the te111pcratur 
is the liighest possible Lernperature of each tirne step. 
Figure 3-4 shows the evolution of the laud plant productivity (Jゎ。）. Before the 
appearance of land plauts (before 400 111.y.b.p.)、the land planL productivity is seL to b 
zero. After 350 rn.y. b. p., the variation of f切0 is within 20 percent for 0.01�a�0.8. 
The variation of the weathering rate with ti111c is shown in Fig. 3-5. Before 400 111.y.b.p., 
because of fbio(t) = 0 and fixed fph(t), the weathering rate (fw) is <lire叫y proportioual 
to a-value at o且e ti1ne. However, afLer 350 111.y.b.p., the variation of fw wiしh a is very 
small, i.e., 10 percent aしrnost. This suggests that the wcathcriug rate rnay be buffered 
by the land plant productivity for the variatio11 of a-value. If we take a = 0.4, even in 
the the Early Paleozoic, the toLal weathering 111ay work as well as at present. 
Figure 3-4 also shows that during the Carboniferous (rv 300 rn.y.b.p.) the land plaut 
productivity is lower thanしhat of the present. This is inconsistent with the hyp叫1esis
that the high production叫e of laud plants in this period makes the coal deposits. Our 
results suggest that the ]ow weathering rate (Fig. 3-5) 111ay cause the formatiou of the 
coal deposits. 
We且ncl that the atrnospheric CO2 concentration before 400 m.y. is very sensitive 
to the weathering rate. After appearaucc of the la11cl pla11Ls, the atinosphcric CO2 
-10
concentration is uot so 111uch a廿ected by the relative eifrctivenrss between biological 
a叫non-biological weaしheri11g processes or by the Lot.al weathering rate. If a certain 
period the weathering rate is lower, the atmospheric CO '.z c:onceutration and the global 
n1ean ternperature arc higher. This is unclerstoo<l easily by that the weathering fluxes, 
Fwc and Fwg, are proportio叫Lo the weathering rate and if the weathering rate becorncs 
lower, the n1ass of the oceanic and atn10spheric CO 2 beco111cs larger in a short Lenn. 
However, generally, in the periods with lower weatheriug rate (e.g., rv 250 111.y. aud rv 
150 m.y.), the calculated at111ospheric CO2 co11ce11 traliou a11d global 111ea11 Le111perature 
is lower compared with the earlier or later periods. This suggests that the negative 
feedback between weathering au<l atmospheric CO2 level (vValkcr el al. 1981) n1ay 
work for 1011g term clirnate change, 
3.4.2 Dependence on other parameters 
Here, we discuss the paran1eters to detenni11e the variation of the at1nospheric CO2 . 
To emphasize the role of then1, we con1pose a "si1nple rnodel", in which the variations 
of the land area (J A (t)) (or carbonate land area as fon11ulatcd iu G EOCARB II of 
Berner 1994), the river runoff (い(t)), the uplift facしor (f R(t)), concentration of 13C 
in the ocean and at1nosphere (✓\"A (t)) and the degassing raLe (Ic(t), concerned with 
eqs.(3.10) and (3.11) : Gaf
f
in 1987)·which means the activiLy of the volcanics on the
surface and which affect to the vvratheriug flux are neglccLed, that is, they are set 
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to be unity. We compare thjs "si111ple model'. with the 1nodel in which only 011e of 
the above parameters is inclu<le<l in calculation. ln this co111pariso11, ct=0.4 is used 
Figure 3-6 shows the result by the "si1nple nw<lcr'and a n1odel in which 011ly _,,yJ\ (t) is 
included. "Sirnple 1nodel" shows the higher concentration of the at111osphcric CO 、2 only 
before -400 n1.y .. In this period, since the value of f71 1i (l) (i.e., fl) (t)) is around 1.6, LLc 
weathering rate becornes about O.G for a= 0.4. After 400 111.y.b.p., f1 ,、•(t) sLays arouud 
unity (not shown in figure). lf vvc include the effects of .,YA , a higher concentration in 
Early Paleozoic and a lower concentratio11 in the Carboniferous cau been seen. 
Frakes et al. (1992) showed that there were four "cool 1nodes" a11d four "wann 1n0Jes" 
in the Phanerozoic tirue. The acl vent of warm 1110cles was characterized by a rapid 
decrease in 8 13 C representing decreasi11g levels of productivity a11d/ or oxidation of or­
ganic matter, which caused an increase in CO 2 levels and climate wanning (Frakes et 
al. 1992). Our result irr1plies that the long ten11 trend of CO2 level is also controlled by 
the weathering rate. 
We also find that the short ten11 cli111ate change is determined by the degassing rate 
as shown in Fig. 3-7. The effects of the other paran1cters, i.e., land area, river runoff 
and land elevation, on the atn1ospheric CO2 coucentratiou is sn1all (Fig. 3-8; see also 
Berner 1991). The basic constructiou of glob叫change of CO2 011 the Earth during 
the Phanerozoic by GEOCARI3-type 1nodcl does not always ueed tbese pararnetcrs. 
However, variation of these pararnetcrs may be irnporta11t to give smaller features in 
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the history of CO2. 
3.5 Summary 
vVc con1bille a geochen1ical 111o<lel sin1ilar to G 1;0CARI3 (Berner 1991) with a zero­
dirnensional energy balance 1110<lel. The tenn associated with the weatheri11g rate is 
divided into biological a11d Hon-biological eflでcしs. Biological effects for weathering are 
affected by both the atn1ospheric CO2 concentration and tlrc global 1nean ternpera­
ture. \Ve did the experirnents wiしh varying the value of the paran1eter'a', the relative 
intensity of non-biological effects for weathering toしhe total. 
The results are sum111arized as follows: 
1: The temperature variations tl汀ough the last GOO nL.y. is stro11gly affected by the 
a-value. If a-value is larger, we obtain smaller couいasL of the aいnospheric CO 、2 con-
centration, ten1perature an<l weathering rate. 
2: During Ordovician, Ll1e at1110spheric CO 2 concentration is likely to be not so high 
as shown in a simple G EOCARB 1nodel (Berner・ 1991).
In the prese11t model, for the case of calculation, we do not include sorne effects, such 
as the ice-albedo feedback and the feedbacks between the physical process of weathering 
and the atn1ospheric CO2 and the global mea11 te111perature. Si11cc weathering occurred 




strongly affected by the configuration ofしhe continents. The lan<l 1nass distribution 
rnay also affect to the energy i11co111c fro111 Ll1e Su 11. because the albc<lo <lcpeu<ls on 
the latitude aud elevation of lands. Ill order to perfonn morr realistic si1nulation of 
paleoclirnate, rnore work is 11ec<lcd i11 these points. 
44 
Chapter 4 
The role of land-sea dis·tribution to 




During the Phanerozoic, tectonics is the nrajor force of cha11ge of Llre surface to the 
EarLh. Tectonics influences palco-te1nperaL11re through two factors; One is the change 
of land-sea distributiou and the叫rer is Lhe carbon cycle ofしhe surface. As the fonner 
case, land-sea distributiou 111a,v directly chaugc LcmpcraLure, but nrorr likelily it can 
change tern peratureし1且ough conりoli11g the distribuLiou of ice-sheets. As the latter 
case, the tectonics controls the volcanic activity, aud volcauic activity controls carbou 
cycle of the surface. In恥oad sense, larger volcanic acLjvi ty causes higher at111ospheric 
CO2 concentration. Higher atrnospheric CO2 couccntrati.011 ca11ses higher te111pcrature 
by'greenhouse effect'. In this study, we exa1nine tl1c former effecL. We esLirnate the 
effect of the variation of the land-sea distribution an<l Le111peraしure variation d uri11g th 
Ph anerozo1c. 
4.2 Model formulation 
The model is a two-din1e11sional seasonal energy balance model sirnilar to that fonnu­
lated by North et al. (1983) a11cl used by Crowley et al. (1987). It is the sin1plesL 
and cost effective n1odel arnong those which can produce geographical distribution of 
ternpcrature. 
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The rnodel consists of a single go\·en1i11g equatio11: 
c誓— \[D▽ T] + <げド=QS(x,t){l - a(T)} (4.1) 
where C, T, t, D, E, び，Q, S(x, t): 出 and a(T) a.re heat capacity, Le1nperaLure, しi1nc, diffu-
sive coefficient, effective c1nissiviL.\·, SLefau-I3oltz111a1111 consLaut, solar constant divided 
by 4, seasonal distribuLiou of solar radiation, sine of latitude an<l albedo, rcspccLivcly. 
The model calculates a single te1npcraLure T for tbc ruLirc colu1nn of lan<l or ocean 
and atrnosphere at a geographical location. The 111odel calculates temporal change of 
energy storage detenninc<l by a balance a111011g absorbed solar radiation QS(:1:, t)a(T), 
outgoing infrared radiation EuT4 a11d horizontal heat LransporL -v [D▽ T]. The Len1-
perature response is <lcpeudcnt 011 a spatially varying heaL capacity C. Greenhouse 
effect of the atinosphere is incorporaLed as eIIecti\·e c111issiviLy c. Horizontal heat trans-
port by the atrnosphcric aud ocea11ic 1notions is fonnulatecl as cli恥sion. The contrast 
between land and ocean appears in heat capacity (low for land and high for sea). 
The global domain is divided into 5° laしitucle x 5° lougitude grid boxes. The ruodel 
calculation is 1na<le i11 a Li1ne-sしepping 111a1111e1・ (the step is 0.05 years in our runs). 
Initial condition of the Earth in our calculation is constant T everywhere. 
In the following paragraphs, we discuss Lhc paraineters which we use in this rnodcl. 
Heat capacity C is the heaL capaciL:v per nuiL area that contributes to Lhe annual 
cycle of temperature. \Ve assmnc 1 111cter soil lavcr for laud a11d 70 1nctcr mixed layer 
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for ocean. The actual values of C that ,ve assu111r arc 2.0x 106 J/(u召K) for land, and 
2.94x 108 .J/(m2 K) for ocean. 
Input solar energy lu order to isolaLe the relationship beLwee11 la11cl-sea clistribu Liou 
and temperature, we sirnplify the setLing of i11put solar energy. \'v·c assun1e a cousLa、llし
value (as of present) of the'solar constanL" (= 4Q), e\·en tl1ough astrophysicists suggesし
that radiative energy output of the Su11 was sn1aller by 5 perce11L during early Paleozoi 
(about 600 n1illio且 years before prcseuし）しha11叫pr℃sent (e.g. KasLiug and Toon, 1989). 
vVe also fix the functional form of S'(..r, t) using a circular orbit (zero cccentriciLy) ancl 
the present value of obiliquity, even though l'viilankovitch forcing is also likely Lo L>c 
irnportanL in reality. 
Albedo and formation of ice If the grid box 1s ice free, albedo is 0.30 without 
distinction between land aud ocean. If ice is fonned. albedo takes a higher value 0.70. 
We assurne that ice fonns in land area onlv. The conditio11 of forrr叫ion of ice is defiued 
as the aunual maxin1un1 te1npcrature being below zero degrees Cclcius. In other words, 
pennanent continental ice docs. bnt seasonal snowcover and sea ice do not, change 
albedo in our rnodel. 
Greenhouse effect and atinospheric CO 、2 conceutration In our 1no<lel, green­
house efiect of the atn10sphcrc is incorporatrd i11 terms of c几ecLive ernissivi ty E. The 
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standard value of Eis 0.621, which is clet.cnniucd Lo reproduce Lhc present global 111can 
tenrperature. We assu1ne that E dependent 011 at111ospheric CO 2 concentration, incor­
porating feedback betwee11 te111perature and water vapor i11to that <lrpcnclcncc , a11cl 
neglecting variaLio11 of oしher greenhouse gases. Past 111odrl experieuce such as Mauabe 
and Wetherald (1967) shows that the change of eqnilibrium te111perature is generally 
proportional to the logari tlnn of CO 、2 coucentration. In our 1110<lcl, E varjcs as a func­
tion of CO2 concentration in such a way that the Cljuilil>riun1 temperature'l凸of the 
zero-dimeusional steady-state version of our euergy balance 1noclel 
€び旦= Q(l - a) (4.2) 
increases by 3 K as CO 、'2 co11cc11traLio11 <lou bles wiしh the preseuL value of'solar coustaut' 
4Q and'ice-free'value of albedo o、 .
In this study, we made two series of experi111enしs: one is the case of the constant CO2 
level (present level), and the otber is the case of the CO2 level of each period as given 
by the carbon cycle 1no<lel of Berner (1991). 
Heat transport vVe express heat tra11sport by oceau and atrnosphere in terrus of 
diffusion. vVc assurnc di廿usion coefficient D to be constant on the entire earth. This 
formulation is simpler than that \vas e1nployed by No且h et al. (1983) where D depended 
on latitude. vVe intentio11ally make it si111 pler. because sonH'scientists suspect that the 
general circulation of the aしn10sphcrc and thC'ocea11 in smne periods of Phauerozoir• 
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rnight take much different fonu fro111 that of Lo<lay (e. g. Barron, 1986). The value of 
the coefficient is <letennine<l so thatしhe 1110<lcl reproduces 111eriJio11al heat transport in 
the middle latitudes under the present con<liLion 
Land-sea d1str1but1on \tVe ruu the 111odel with each of di恥·ent land-sea configura­
tions representing periods during Phauerozoic. 
Paleogeographical inforn1ation of the Paleozoic arr taken fro111 Seo Lese au<l McKerrow 
(1990), and that of the I\Iesozoic a11cl the Cenozoic are frorn Srnith et al. (1994) 
Both publications include global 111aps iu l\!Iollweiclc projcctiou. \tVe scanned the 1naps 
and made a land-sea rnask data Oll the 5° x 5° grid. The tin1e interval between 1naps 
is roughly 50 111illio11 years. 
Sorne characteristic land-sea clisLributious duriug Phanerozoic are presenしeel iu figure 
4-1. Figure 4-1-a shows the land sea distribution during Ca1nbria11 (about 530 n1illion
years before present), figure 4-1-b shows that during Perrnian (about 270 million years 
before present), and figure 4-1-c shows that of present. 
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4.3 Model performance 
4.3.1 Reproduction of present clin1ate 
Figure 4-2 shows the annual range of the surface Le111peralure of the n1odel sin1ulaLio11. 
\Ale see the <lon1inant in1pri11t of the laud 1nasscs. Thr distribution of 1naguiしu<le of the 
range is also broadly sin1ilar Lo the actual one (c. g. N orLh et al., 1983, which shows 
the amplitude of the a1111ual hannouic. The m111ual range of te1uperaturc obtained by 
energy balance models is nearly equal to Lwice the amplitude) 
4.3.2 Climatic sensitivity 
Figure 4-3 shows global rnean te111perat ure (<lcgrees Celc:Lus) versus variable solar con­
stant. Because of ti111e-stcpping approach. we coul<l get stable equilibriu111 solutions 
only. In this figure, we find three phases; (a) Ice free. (b) partially ice-covere<l, aud (c) 
all ice-covered. The dependence of Len1peraLure to solar constant (slope of the graph) 
is larger in the section (b), indicating that ice-albedo feed back euhances climaLic sen­
sitivity. Our result of the calculatiou is cousistcut with previous studies (e.g. North et 
al., 1981). 
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4.3.3 Meridional distribution of temperature 
Figure 4-4 shows zonal 111ea11 tc111perature versus latitude. Solid line is the case of land­
sea distribution of the present (fig. 4-1-c). Dashed line is the case of the Ca1nbria11 (fig. 
4-1-a). Dashed-dotted line isしhe case of the Pcnuiau (「Lg. 4-1-b). The area of the la11cl
during the Cambrian and the prese11t is the same. Thus, the difference of te111peraLure 
distribution between these is caused by the arrange1uents of the land. In the case where 
there is little land in the polar region (during the Ca111brian), te111pertature in a1t<l near 
the polar region is estimated higher than in the case where there is 1nuch la11cl in the 
polar region (at the present). This result indicates that if Lhere is enough area of the 
land in and near the polar region and if Lherc is enough water resources, ten1perature 
in the middle and higher latitude is low enough Lhat ice-sheet rnay be able to fonn. 
4.4 Effect of historical land-sea co:nfiguration on tern-
perature 
Figure 4-5 shows global 111can Le1npcraturc of 111odd runs (degrees Celcius) versus ti1ne 
(1nillio11 years before present). 
The cross is for the case holding at1110spheric greenhouse e刊ect (effective cn1issiv­
ity) constant. The circle is for the case i11cludi11g the effect ol the variation ol the 





During the Phanerozoic, temperature variation caused by land-sea distribution is 
within several degrees if the variation of the at 111ospheric CO2 concentration is ne­
glectcd. Te1nperaturc variaLiou of caused by the land-sea distribution and chaugiug the 
atn1ospheric CO2 conceutratiou is withiu the 10 degrees. 
In both results, the pattern of the cycle of the w叫 111er/cooler cou<lition is sa1nc. 
In the Early Paleozoic, the clitnatc was esti111ate<l wanner. 111 the Middle Lo Late 
Paleozoic, it was estin1ated cooler. During the l\'lesozoic. it was wanner. Our result of 
the pattern of the wanner or cooler condition is consistent with Frakes el al. (1992). 
This result indicates that changiug land-sea clistribuLion is 011e of the effective factors 
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In general, climatic change was experienced on the Earth duri11g the Earth's history. 
Clirnatic cha11ges in the present age (about 100 years) was expressed by cli111aLic cl--­
n1ents (e.g. ternperature). HoweYer. before appcarence of the obsrrvaLion i11stru111cnL 
of the n1etcorology, cli111atic change canuoL he exp1でssed by clirnaLic ele1nc11ts because 
these cliuratic change was observed by the cvidencr Lhat indicaLecl the past clirnate. 
Thus, we can hardly co111pareしhe global cl1anges of the present and Lhc pasL. Iu gen­
eral, we call fossil indicating sedin1e11tary con<liLiou'facies fossil'. In Llre present paper, 
we call facies fossil just'fossil'. Fossil does uot only indicate scdiurenLary conditions 
concerning the clin1ate but also other pr℃) cesses concerning the sedimentation, e.g. di­
agenesis. To corr1pare cli111ate <luring the present and the past 、 we 111 us L detenninc Lhe 
assernblage of fossils corresponding to the cli111a.Lic ele111ents. For case of discussion
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we 
call these assemblage of fossil "cli111atic fossil"'. 
In this paper, we describe the first step of our activiし:·towar℃ 1 Lhc estirnatiou of Lhc 
distribution of the clirnatic fossil during Earth history. 
One example of clirnatic fossil is suggested by Iinbrie and Kipp (1971). They use<l 
the relationship between the assernblage of fossils (foran1inifora) and sea surface tern­
perature during Quaternary. HoweYer 1 when we discuss�dcsozoic or older ages, 111any 
animals or plants are those which has already been extinct. Thus, we caunot easily 
estimate cli1natic coudiLiou correspou<liug to those fossils because of variable life styles 
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of the species even in the sa1nc fan1ily. 
To esLimatc paleo-cli111ate: we first need Lo find chrn:-=しLie: fossil, co111binations of fossil. 
So, we 11ecd a working platforn1 of database and visualization. 
Here we introduce a rapid proLoLypiug (Drooks」99G) of the clatabase syste111s for Ll1C' 
construction of the cli1natic fossil. 
5.2 Principles of the Database 
Figure 5-1 shows that the fonnulaLio11 of the <laLabase syste111. The essential con1ponents 
of the systerr1 are collection of Lhe data, sLa11<la.nlizaLion of the data, Lrausforn1aLio11 of 
coordinate system and visualizatio11 of the <la La. 
Issues of the database syste1n are sun1111arizc<l as follows; 
1. Rational collection of the clata of fossil. The data of fossil we use here were
introduced frorn journals. 
2. standardizing the data
3. Transforn1aLio11 of coordinate systen1s
4. Vis叫ization of the daLa
In the following section, we discuss the above issues. 
Rational collection of the data of fossil Our database syste111 needs the infor­









infonnation that was published au<l whose place a1Hl i i111c ,,·ere clearly docun1entecl. 
Standardization of the data A叫ysis b,·con1 JU tcr needs u1Lifon11 I claLa coding of 
fossil. 
orrnalizatio11 of the clata iucl udes following Llure processes· 
l. a classi且cation systen1
2. a standard space coordi1叫e sysLe111
3. a standard data fonnat
In the following sectio11, we describe ab0Ye-111entio11e<l three processes in detail. 
transfonnatiou of coordinate syste111 and visualization of the data For th 
understanding of the distri bu tio11 of fossil that has the possibility of山c "clirnatic fossil" 
, understanding of the distri bu Liou of fossil iu the laud-sea distri bu Liou of the age when 
the fossil are formed, is needed. Estimation of land-sea distribuLiou may be revised. 
Thus, in the database syste1n, we rcco1℃ l Lhe present position where the fossil were 
found. We transform山e coordinate systems fron1 the present position to the past 
position when we need. 
Figure 5-2 shows the way of deciding the para111etcrs of the transforrnation of co­
ordinate systerns; TransfonnaLion of coordiuat、e syste111s is expressed by the roLation 
between the latitude/longitude in the present and past (JeHniugs, 199G). 
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5.3 Prototype of the Database 
In the last section, we discuss the idea of a database systc111 of fossil. In this section, 
we present a prototype of the database systc111 a11<l cliscuss the 111i11innun clcn1c11 Ls of 
the database syste1n and cstin1aLion of the palco-c11viro11rne11L Ly the database. 
Figure 5-3 shows the <lata How of the prot otypc database; figure 3-3 is the special 
version of figure 5-1. 
5.3.1 Rational collection of the data of fossils 
For getting a unifonu rational collection of the claLa of fossil, we aclopL Lhat <laLa of 
fossil from a collection of abstracts of scieuLific papers. 
We use GEOBASE, a CD-ROrvl supplied by Silvcr PlaLter Co. GEOJ3ASE con­
taius the abstracts of the Geological AbsLracts. Geographical Abstracts and Ecological 
Abstracts published by Elsevier Science Co. 
5.3.2 The data standarization 
In order to find clirnatic fossil, we need to process data which has huge arnount and large 
variety. Usually, places arr recorded in the tenn of geographical names and sarr1ples of 
fossil by taxonon1ic nan1es. In such a forn1, analysis by cornputcrs is <lifficulL. Thus, we 
need some standardization of the data formaL of fossil. 
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Making of classification codes of fossil liere wr iuvcnt a set of the classification 
code of fossil. Classification of the plants follov\·s that of Tobe(1994). 
Standard space coordinates Representative space coordinates of fossil are lati­
tude/longitude of lhe present age. Latitude a叫longitudr are expressed in degrees, 
and latitude south and longitude west are expressed in a uegativc value. 
Standard data for1nat Data of fossil are recorded in ASCII text files. Data are 
recorded in tables which consists of the classification code of fossil, lo11giLudc an<l laLi­
tude. 
5.3.3 Transformation of coordinate systems and visualization 
systems of the data 
In this section, we discuss the visualization of the claLa o1 fossil on the paleo-gcographical 
maps . 
In general,the surface of the EarLh is divided into plates, and each plate 1novc with 
little clefonnation. 
We assume movc111c11t of the laucls fron1 the past to present as the rotation of rigicl 
bodies on a spherical surface. Rotatiou can be expressed by 3 pararnetcrs. 
Figure 5-4 shows the processes of the trausfonuaLion of coordinate systems . Paleo­
geographical maps usecl here have lines of present longitude/latitude, thus, we can get 
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inforn1atio11 of longitude/latitude of the crossing points of these、 lines. vVe can read past 
positions of these points froru thr maps. \ Ve call·co11Lrol points'where both present 
and past latitude/longitude arc known. By using control points, we geL the pararueter 
of rotation. By using the pararneters of叫叫011. we transfonn the longiしucle/la Lit u<le 
of fossil to the past position. 
For visualizatio11 of the fossil data, we use G i\1IT (\1\·esscl an<l Sn1i th, 1995), which is 
useful for our database systen1 Gecause: 
1. Gl\lIT is a'free software'. G i\,IT can be used on nearly all kiu<ls of UNIX 1nachi11cs.
2. GMT use'standard iupuL/o叫）ut'fo叫ne of UNIX. It is easy Lo cornbinc with
other software. 
3. GNIT supports 111any 111ap projections a11<l also inverse projectious.
5.4 Estimation of Environment l)y the prototype 
Database system 
5.4.1 Design of experiment as a test case of the database sys­
tern 
As a test case of the database systc111, we csti1naLe cuviro111nental conditions during 
Permian. Pcnnian is a typical period when land was placed uorLh to south. Fonner 
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studies (e.g., Huggett, 1991) presented cool enviroun1C'11t. during Permian. Large arno叫
of the indices of cool environ111enしe.y. ice-sheets, has been found. 
Fossil has n1uch variability, thus, our data base cannot in clude all fossil. Vv'c adopt 
the data that rnean ice, evaporite and land plants. kr and evaporitc indicate cool or 
dry condition of local area, respectively. lee and eYaporite are useful to the esti111atio11 
of clirnatic elernents. Fossil of the Janel plauLs indicate Lhe e11viron111ent of Lhc place 
where fossil was found, because iL is clear that land planしfonned on Lhe land and planしs
cannot move like ani111als. 
5.4.2 Data of the test case 
Abstracts used the test case are Lc1,krn as follows; the GEOBASE disk used here includes 
all abstracts published fro111 January 1990 Lo August 1996. For Lhe first step of the col-
lection, we pick up the absLracしs including Lhe kc_vword of'Perrnian'fro1n all absLracts. 
1983 abstracts are chosen in the first selectiou. Forしhe second step of the selection, we 
pick up the abstracts includiIJg the keywords of (ice', (glacier','evaporite'and various 
keywords about plants fro111 the abstracts which passed the first selection. About 700 
abstracts are chosen in the secoud step. For the third step of the selection, we pick 
up the abstracts including infonnatiou of the place where fossil was found. About 200 
abstracts are chosen iu the third selection. For the forth sLep of the selection, we choose 




ucglect the abstracts in<licatiug such places \\·here t hr tra11sfon11atio11 of coordi11aLes is 
difficult. After the all selections, 79 abstracts are left 
The information of present latitude/lo11giLu<le was takeu fro111 the index of Philip's 
(1996) by looking up the geographical 11a111e included i11 each abstract. 
Land-sea distributiou of the Pennian is Laken fro111 a 111.ap publishcJ by Scotcse and 
McKerrow(l990). 
5.4.3 Results of the test case 
Figure 5-5 shows distribution of ice (circle), evaporiLe (triangle) and plants (cross) 
during Perruian. 
Distribution of ice (circle) shows the existeuce of ice not叫y in polar regio11 but also 
at 30 degrees latitude. There is little infonnation of the palco-altitudc during Permian , 
thus, we canuot detennine whether the existence of ice iu 1niddle or low latitudes shows 
global cooling or existence of high n1ounLains. 
Distribution of evaporitc (triangle) shows that existence of cvaporite is concentrated 
at 40 degrees and 60 to 80 degrees latitu<l__, ・
Broccoli aud IVIanabe (1992) suggest that a 111ajor reason of the existence of the Gobi 
desert is the effect of the highlaud of Tibet. Thus, existence of high altitude laud in 
rniddle latitudes may cause both dry area au<l glaciers. Co-existence of the ice and 
evaporite suggest high mountain aud <lesert durj11g Pcnuian. 
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There are several possibilities al)out the cause of apparent abscncr of vrgctation 
zones. First, ternperature of high mounlains in lm,·latitudes 1nay he as low as that 
of polar reg.ious. Second, adaptation of plants to cli111ate during Pennian rnay have 
occurred in detailed taxo110111ic classes such as species. Thus, it is not visible using the 
coarse taxouon1ic classification of plants of our prototype daLabase. 
5.4.4 Summary of the test case 
Our test case cost three 111011ths of three persons. Especially, sclectiou of the abstracts 
and getting latitude/longitude fro111 geographical 11c1111cs spent n1uch ti1ne. 
Rational collection of the data of fossil and standard data set B y llSlllg 
GEO BASE, we can collect the data of fossil ratioually. For ice or evaporite, collecLions 
of abstracts such as GEOBASE is useful as a source of paleo-environmental database. 
However for the plants, GEOBASE is not so useful because there are not enough infor­
mation of each plant iu Lhe abstract 
We rnake a set of classiGcaLion codes of fossil in order to 111ake the standard data set. 
Classification codes of fossil aud a sLaudard claLa forn1at n1ake us possible to handle all 
information of fossil by c0111 pu ters. 
Transformation of coordinate syste111s and visualization of the data Trans­
fonnation of coordinate systc111s a11cl visualization softwarで which we use here is not 
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comfortable enough. I11 our prototype, transfonuation of coordinate syste111s aud vi­
sualization software (fig. 5-3) work separately, aH<l they are iueflicicnt because each 
process of the database requires hu111an i11Lerve11tio11. vYc HccJ 1na11ual for input of 
fossil data, e.g. sorts of fossil. For the visualizalio11 of t l1e data, we uce<l Lo·write the 
shell-scripts of UNIX. It is not so co11ve11ieuしfor most of scientists who are not co111putcr 
prograrn1ncrs. 
We co1nputed paran1cters of the transformation of coorcliuatC'systc111s based on a 
printed paleomap. If we could get para111ctcrs of the transformation of coordiuaLc 
systerns by the editors of paleo111aµs, we can sa\·e 111uch efforts and achieve higher 
accuracy. 
5.5 Summary and Future works 
We rnake a rapid prototyping of Lhe database sysLern of fossil. with prospects to corn par 
the present and the past. The database sysLcn1 of fossil consists of collection of the data 
of fossil, transforn1atio11 of the coo以 linate svsLe111s aD d visualiiaLiou of the all data.'vVe 
use GEOBASE, a collection of abstracしs. The method usiug abstracts is useful for the 
evidence of ice or cvapori te, however、is fouud to be 11ot useful for the plants. It is uoL 
realistic for a few person to read origiual paprr for the collection of the data of fossil. 
Two kinds of future works arc suggested. One is the esLi111atio11 of the distribution of 
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ice aucl evaporite during the last 800 111illion years by using the rapid prototyping we 
introduce here. In this case, we neecl a 111ore well-cousLructccl database syste111s . The 
other is fonnation of the database including the i11fon11atio11 of plants or ani1nals. For 
the latter case, we need not叫v 1nuch more rational database syste111s but also some 









Estirnation of clin1atic variaLio11 d uriug the E叫th's his ton; has often been u1ade on the 
geographical distributio11 of eYidencc of jcr or oLher fossil cli111ate iuclicators. 
Iu this paper, we useしhe tenn "fossil cli111atc-i11clicator" or jusL "fossil" as the geo­
logical evidence of the past cli111ate, of organic as well as inorganic nature. 
a) Fossils inJicatiug the past climate have Leeu destroyed by tectonic or叫1er nc­
tivities, and therefore, there are little number of fossils available for the reconsLrucLion 
of climaLes. In addition, sLrata conしaiuing fossils are not always exposed, reducing the 
chance for且nding then1. Thus, in geueral we should operate with 1110dest quantity of 
fossils collected in inferriug the paleo-cliruaLe, which may bring large uncertainty in the 
inference of paleo-climate. 
b) vVe c�n get little infonnation on the pasL altitude, where Lhe fossils were fanned.
This, for example, prevents us iu extrc1nc case fron1 distinguishing glacial deposits in 
high altitude under global wanu clin1ate fron1 those in low altitude under global cool 
climate. Therefore, it is of a viLal necessity to esti1naLe how large the csti111aLion error 
could be, if we have a fossil but no accon1pa11yi11g infonnation on the altitude where 
the fossil was fanned. 
c) It is a well known fact that the lau<l-sca distribu bo11 has been changing in the
geological past. Fossils in the ocean are clesLroyc<l by su bducLion of the plate with 
tectonic activity. Thus. our infon11atio11 sou1℃ e of clirnatc is n1aiuly resしricted 011 laud. 
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Thus, there is serious conccru. assuming Lhe single and the sa111e global cli111atic regin1c 
we may get di仔erent results canscd by chaugiug proportion of the continental area in 
different climatic zone. 
Therefore, we made a series of statistical calculatiou to csti1naLc effects of a) paucity 
of the iuforrnation, b) uucertainty of altitude of Lhe provenance of the fossil as well as 
c) changing land-sea distribution patten1 on the inference of paleo-cli1nate. vVe assu1nc
a certain hypothetical state of clirnaLe as·true 1 . and tr)·to recousLruct it wiしh a lin1itcd 
number of san1ples. This kiucl of u1ethodology is often e1nployed in 1neteorolgical con­
texts (Oort 1978; IVIcConuel aucl North 1987) auc.l callecl'observation syste1n sirnulation 
experiments'. 
6.2 Observation System Simulation Experiments for 
the Paleo-Climate 
We have 4 experiments for the estin1aLion of the sarnpling errors of Lhe palco-cli1nate. 
For our estirnation, 恥st, we prepared a data set of annual 111can tc1npcrature with 
resolution of 0.5° degrees laLitude/lougitu<le (Lecn1ans and Crarner 1991; Legates and 
Willmott, 
_
1990), representative of the present clin1atP.. Grid poi11ts 011 the continents 
(except Au tarctica) vvere且llecl with \·alues of (Lee1na11s and Cramer 1991). To construct 
this data set of te1nperat ure、Lhe ef
f
ect of the laud elevatio11 (altitude) had been taken 
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into accouut. Oceanic and Antarctic grid points \Ycre filled with values of (Legates an<l 
vVilhnot L 1990) 
The values contained in the data set arc not actually observed values at each grid 
points, but values iutcrpolated fro111 the exisしing neいvork of observing sしations. Ilow­
ever, for the purpose of our experin1enしs, we assunre that those are'肛ue'annual n1ea11 
temperature at each of the grid points. vVe picked up san1plcs fro111 this known data 
set in order to si1nulaLe the process Lo reconstruct palco-clin1ate. Con1pari11g statistics 
obtained fro1n li1nitcd sa1nplcs against the kuowle<lge of Lhe'肛ue'field in our cxper­
iments, we estimated how the inference 011 paleo-clin1aLe will be distorted by 1)s111al1 
nun1ber of samples, 2) uncertainty in altitude and 3)uneven distribution of land 111ass. 
vVe picked up certain 11u111bers of poiuts from the aLovc data set at randmn. We 
calculated global mean te1nperature and inferred the location of ice n1argin fro111 the 
data points picked up. Fiually, we co1npared resulしs of our experirneuしal calculations 
with the above defined "true values''. 
Effect of the number of the sa1nples \Ve picked up n points (1し=5, 10, 50, 100, 
500, 1000, 5000, 10000) at rando111 ,vith probability proportio叫to representative area 
of grid boxes. Such sa1npling was repealed ni (=100) tirncs for each 、n. We regarded 
the average of temperature for n points as inferred global 111ca11 temperature. Fig. 6-1 
shows that the effects of the nu1nber of the samples on Lhe reconstruction of global rnean 
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ternpcrature. l\!lean, 25 % and 757o rank (quartilr) values of the sainµle, 111ini11rn111 and 
maxirnum of m estin1ates of i:global n1ea11 tc111pPratu伍for each , し are shown 111 this 
figure. Our results of the calculatiou do uot always have nonnal clistributio11
1 
thus, we 
use 25 % and 75 % rank values of n1、instea<l of山e sしan<lar<l deviation for indicator of 
the distribution of our results. \tVhcn 1し=100, te111perature variation within 25 % a11cl 
75 % rank values is about 2.5 K. Global sea surface Lcrnpcraturr variation between last 
glacial n1axin1um and the present is estimated to be 2.3 I((CLIMAP Project :tvie1nber 
1981). This 叫ggests that 100 sa111µling µoiut is Hot large enough to distillguish last 
glacial 1naxin1urn fr01n the present wann c:li1naLe. In this expcri1ucnt, s叫npling points 
on marine as well as continental arr.a have been incorporaしed, G以anse the ain1 of山e
experi1nent is to showしhe effect of spanciLy of san1ple nu111ber. Tbe effect of the 
bias towards laud area iu the distribution of fossil record:s is Jiscussecl separately in a 
following paragraph. 
Fig. 6-1 shows that sa111pli11g error of the teruperature cstirnatcd by 100 sa1nples 
or less was larger tha11 2.5 K. This indicates Lhat it is aln10st jrnpossiblc to 1nakc 
exact distiuctions between the last glacial 111axirnurn aud the present if we esti111atc the 
temperature by 100 samples or Jess. Thus, if there is any single evidence that iudicates 
cooler co11dition, this evideuce should be accepted as indicating'local'cool condition, 
not always cooler condition on global scale. 
ormally in paleo-cli111atic recoustruction stu<ly. a1110uut of data points referred to 
←― 
/ 1 
in each work is about 100 or less (Frakes ct. al. 1992). Therefore we carricJ oul our 
experiments with 100 points in our followiJ1g rxprri111euts. The cffccL of 11urnbcr of 
sarnples to uncertainty of palco-din1atic inference should be takC'u into account iu the 
following experirnents as well, though not exµliciL1\ calculated there. 
Effects of the elevation V 叩atiou of thr alLiしude on land at tl1e present is brtween 
0 m (at the sea level) and 8848 m (Top of th( 、 Qomola11g1na). Trn1perature strongly 
varies with the altitude. IL is kuowu that temperature clecreasrs about O.G ° C for each 
100m height. 
For the geological pasL, we have lit Lle infonnaLion on paleo-alしitudc. Thus, the cffccし
of the paleo-altitude has beeu discussed selclo111 in Lhe sしudies ofしhe cstiruation of山
past climate. We calculated the eHecL of uncertainty of the altitude in estirnating 
paleo-climate. 
To estimate the altitude e廿ect. we at first prepared a global oceanic ten1perature 
distribution rnap fr01n the daLa set used for the Jirst experi111cnt. For this purpose 
we calculated a distriLuLion of Lernperature nonnalizecl Lo the sea level (Fig. 6-2). 
The normalized ten1pcrature value at each latitude is calculated as the average of the 
temperature values at all Lhe data points localed on the sea surface aL Lhe latitude irre­
spective of hernispheres. As a result we prepared a virtual globe with 360 Lemperature 
zones with the widtl1 of 0.5 laLitucl8 ru11uing parallel, each zone of which having on 
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specific te1nperature value. To csti1natc altitude effect. ,,·c calculated two values for 
each of'In = 100 runs of expcrir11e11ts. 
At first we picked up n = 100 sa111ple points fro111 the above prepared data set. vVe call 
this data set "temperature at sea level''. \\'e calculaLc<l an average value of te1npcraturc 
for these san1ples. This averagr sea level te111µcraLure coul<l be regarcle<l as global 111can 
temperature neglecting the effect of the altitude. 
We then gave altitude for each of the , し＝」00 s邸1ples at rando111 with the eleva­
tion distribution frequency for the present. 丁hen for each of the'I/、 = 100 sa1nples, 




where T, Ti。 a叫I-I are tc1nperature including Lhe effect of the altitude, te1npcrature 
at the sea level picked up fro1n the dataset au<l altitude, respectively. 
Finally we calculated the average of 1し= 100 corrected values. This corrected value 
could be considered asしhe 1nea11 global t皿1pe叫ure iuclu<ling山e altiしude effect. 
We carried out the above procedure·,n = 100 Li111es. 
Inferred global 1nean ten1pcrature neglectiug the altitude data is 15.6 ° C and that 
including the altitude data is 13.3 °C. Global mean Le1nperaturc ueglectiug the effect 
of the altitude is 2.3 K higher than the global 111ea11 tc111perature including the altitude 
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data. 
The effect of the paleo-alLitude has been s<?ldo111 <liscusE, 叫in the studies of the C'sLi­
mation of the past cli1natc. However. our csLi111aLion suggests global mean tc111peratur 
neglecting the effect of the altitude is 2.3 K highc1 ・ しhan the global 111can te111perature
referring to the altitude data. This result also illdicates that il is very difficult to 111ak
exact distinctions between the last glacial nrnxi 111111n andしhe present if we caunoL get
叫ective infonnation of the paleo-altitudc.
Effects of the changing continental distribution As discussed earlier, rnain n1ass 
of infonnation of paleo-cljmate is n1aiuly couservcd 011 laud area. Thus, the cha11gi11g 
land-area distribution through the geological past u1ay bring about biases 111 recou­
structing the paleo-clirnate. \i\·e, thus, esti1nat ed t.he cffecしs of the laud-sea distribution 
on the paleo-cli111ate esti111atio11 during the Phanerozoic. To illustrate the e且cct of 
land-sea distribution 011 te1nperaturc. we picked np n = 100 points on land at ran­
dom and esti1natcd global 111ea11 tc111perature on land for each geological period. We 
referred to palco-geographical ruaµs of (Scotcst and l\lcKenow (1990) (for Paleozoic) 
and of Srnith et al.(1994) (for l\ilesozoic and Cenozoic) for the Phanerozoic land-sea 
distribution. Rando111 sa111pli11g was repeated 111 = ] 00 ti1ncs for each pcrjod. 
Fig. 6-3 shows 1nean, 25% and 75% rauk, mininrnrn and 111axi1nu1n esti1nates of rnean 
temperature calculated fr0111 our expcrirneuts for geological periods. During the Early 
T.J
Paleozoic, calculaLeJ te1npcrature is higher tha11 that of the other pcrio<ls. Duriug this 
tin1e interval, there was a large laud area around equator. This result indicates LhaL if 
there is nruch of the laud area arouud equとitor ancl if Lhere is li ttlc laud 011 the polar 
region, ternperature estirnated iu referring Lo fossil record fr0111 laud area is 12K highC'r. 
Estimation of the latitudinal distributiou of the pern1anent ice 111 the previ­
ous paragraphs, we discuss叫about the sa111pliug in tenus oft印nper at urc. La Li tudi叫
distribution of pen11anc11t icr is oue of the n1ajor 111eU1o<l of the esti1natio11 of the 
paleo-climate. For the comparison with tl1c other esti111aticrn of thr paleo-cli1naLc, we 
examined the effect of chaugiug laud-sea distributio11 011 the csしi111atio11 of 1乱itudiual
distribution of the pennaucnL ice. 
vVe assun1e there was pern1anent ice if the t仰1pe叫urc was lower than 0°C at sa1n­
pling point. vVe also assun1e pen11a11cnt ice was only forrned on the contine11t. As is 
often done in paleo-clin1atic rcconstructio11, the'ice 1nargi11'is defined as the lowest 
absolute value of latitude of sa1叫ing points with ten1perature lower than 0° C within 
the set of n = 100 sainples. 
For the ease of calculati叫we used the dataset of "Lhe t臼nperature at sea-level". 
Random sampli11g was repeated m = 100 ti111es at each period. 
Fig. 6-4 shows mca11, 25 <1o and 75 % rank, mi11i111urn and 111axirnu111 of latitudinal 





Carnbrian indicates there was 110 pcnnanent ice. Duriug Carboniferous, pennaneut ice 
appeared most exteusively. 
This experi1nent de1noustratc that under the single patten1 of the Le111perature, chaug­
ing land-sea <listributiou yields the following と1ppare11L Leu<lency; 
(a) There is no or little ice cluriug the Late Cambrian. i\lorc than 75 % data iuclicaLcs
there was no ice during the Late Ca111bna11 
(b) Pennanent ice was exte叫ing to the lower latitude during the E叫y Paleozoic to
the Latest Paleozoic. 
(c) Ice 1nargin of the Ear]y l\lcsozoic is loc孔tecl at about 65 degrees of latitude.
(d) lee rnargin retreats to 70 <lcgrees of latitude frorn the Early l'v1esozoic to the Late
Mesozoic. 
This apparent tendency (Fig. 6-4) were produced fr01:n the constaut distribution 
temperature (Fig. G-2) jusL with different sa1npli11g due to varying land-sea distribution. 
everLheless, it fairly well corrcspouds with Lhe 111igraLio11 of co11vc11tioually inferred ice 
rnargill of the geological past (Frakrs et. al 1992; Huggett, 1991). 
Changing laud-sea distribution, especially of t.hc proportion of the land in the polar 
region, takes in1portant role iu the cstin1atio11 of ternpcrat urc and ice margin during th 
Phanerozoic. We use the sa1ne and single datasrt of the global tcu1pcraturc distribution 
for the calculation of the Fig. G-3 a叫Fig. G-4 for thr all ti111e steps in the geological 
periods. It means that'true'global 1neau tP111pcraturc is assumed Lo be constant in 
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these calculations. Fig. G-3 and Fig. 6-4 i11dicate that chaugiug la11d-sea <listribuしion
brings about the temperaしure variatjou. This s出npling error correspou<ls Lo uncertainty 
of about 12 K of the global 111ea11 Lernperaturc and 20 degrees of latitude of the ice 
margin. 
6.3 Summary 
In precedent studies of the paleo-cli1nate (Frakes ct al. 1992: Huggett 1991) clC'吐
ing with the latitudinal <listribuLiou of the ice n1argin <lurjng thP Phanerozoic, iL was 
warmer during the Earl.v Palco�oic aucl cooler during Lhe Late Paleozoic Lo Lhc Early 
Mesozoic. Our calculaLious using the sa1ne auclしhe single latitudi11al distribution of the 
te1nperature an<l different laud-sea distribubou show the sarue trend of fluctuation of 
the ice 1nargin. In our calculatiou, global 1nean Len1pcraturc during the Phauerozoic is 
constant, thus, Le1nperature variatiou in our results iu<licates sa111pling error caused by 
the cha11ging land-sea distrioution. 
These results present the possioility that the esti1natio11 of the clirnatic change in 
precedent studies can be a result of the ,·aryiug laud-sea distribution under the san1e 
global clin1atic condition ofしhe geological past. 
As we have shown, the error・ bars in inferring p叫eo-clin1ate can be so large, that it 
will lead to a misleading conclusious, the 111orc so when the data arc not accou1panied 
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with i11forn1ation 011 paleo-altit u<l、、 •
Further, 
_
even u11der the single and sa111e global cli1nat ic regi1ne, if we arc con1pclle<l Lo 
refer to land-based data, a clear pha11to111 paleo-clin1atic fluctuaLion will erncrgc accord­
ing to the changing distributio叫patterns of drifting contiHcnLs. An overall siruilariLy 
of this phantom climatic Iluctuation with those obLained by Frakes cL a.l. (1992) and 
Huggett(1991), raises a grave alanu to the convcntio叫procedure of reconstructing 
paleo-climatic data. 
We hope that in the future paleo-clin1atic stu<lies, follovving warnings resultillg fr01n 
our sirr1ulation should be seriously taken into cousidcraLion to 1nini111izc error-bars of 
reconstructions. 
1) san1pling numbers should be large enough
2) checking叫if data set with hcterogeuous altitude are uot 1nixed together
3) uniforrn sampling in respect to paleo-laLitucle to avoid too n1any or too few samples
representing a certain latitudinal zo且e.
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Figure 2-1 Diagran1aLic rcprcsenLaLiou of Lhc cstin1aLion of Lhc global chang、9
Figure 3-1 Diagra1nn1atic represe11tat ion of thC'geoche1nical carbon cycle used in our 
model (after Berne1・ 1991)
Figure 3-2 Variation of at111ospherjc CO :z conce11tratiou versus tin1e for variable a value. 
X-axis shows tin1e (111.y.) aud Y-axis shows aLrnosphcric CO 、2 couceutration 
(present=l) 
Figure 3-3 Variation of global 1nea11 ten1peraturr \·emus tirne for variable a value. X­
axis shows ti111e (ru.y.) and Y-axis shows global n1ea11 Lernµerature variation 
(present=O). 
Figure 3-4 VariaLion of laud planL productivity versus Li1nc for variable a-value. X-axis 
shows tiruc (rn.y.) a11d Y-axis shows la11cl pla11t productivity (present=l). 
Figure 3-5 Variation of weathering rate versus tin1c> in the variable n-value. X-axis 
shows time (111.y.) 孔11d \這xis shows wcc1,thering rate (present= 1) 
Figure 3-6 Variation of the al1nospheric CO2 co11ceut ration versus ti1nc for "siu1ple 
model" aucl "si111ple 111odcl'',\·i th carbon isotpoic ratio in the oceans (、�A (t)). 
X-axis shows ti111e (111.y.) a11cl Y-axis shows at111osphcric CO2 conccnけaLion
(present= 1). 
Figure 3-7 Variation of the aLn10sphcric CO2 concentration versus Lirne for "si111pl 
1nodel" and "sirnple 111odcl"'with degassing raLc (い(t'.)). X-axis shows ti111c (111.y.) 
and Y-axis shows at111osphcric CO 2 coucentration (presenL=l). 
Figure 3-8 Variation of the atrnospheric CO L couc-011しrc1-tio11 versus ti1nc for "si111ple 
ruodel" and "si1nple n1odel'. with land area (Jバ(l)): land elevation (fn(l)) and 
river runof
f 
(JD(t)). X-axis shows Lin1e (111.y.) ancl Y-axis shows atn1ospheric 
CO2 concentration (prescnt=1) 
Figure 4-1 Laud-sea distribuLiou of Phanerozoic. Lauc.l is shaded. a) Carnbrian (about 
530 1nillion years before prescuし），b) Penni au (about 270 rr1illion years before 
present) and c) present. Original 111aps arc supplied by Scotcsc anc.l rvicKcrrow 
(1990) and S111ith et al. (1994) 
Figure 4-2 Annual range of tc1nperature obtaiHed by our n10clcl with Lhc presenL land­
sea condition. Colltour iuterval is 5 K 
Figure 4-3 Global rnean Le叫）crature (degrees Cekius) versus variable solar consしant.
，
 
Figure 4-4 Zonal rneau Le111pera.turc versus latitude. Solid li11e is the case of land-sea 
distributio11 of the present. Dashed line js the case ofしhe Ca111bria11 (fig. 3-1-a). 
Dashed-dotLed line is the case of the Pennian (fig. 3-1-b). 
Figure 4-5 Global mean tc1nperature cluriug Phanerozoic. X-axis is Linre (111illion years 
before present) and Y-axis is global n1ra11 te111pcrature (° C). Circles are global 
rnean ternperature esLi1nated by our cuergy balaucc rnodcl expcrirncut wiしh CO2 
greenhouse effect. Crosses arc global 111ca11 te111perature neglecting CO 、2 green­
house effect. 
Figure 5-1 Diagramn1atic reprcse11し孔Lion of the fon11 ul狐ion of the database sysLern us­
ing here. 
Figure 5-2 Diagramn1atic representation of the applicaLion of the data by the ernpirical 
forn1ula. 
Figure 5-3 Flow chart of this experi111eutatio11 using here. Data is showu by bold fran1e 
and operation is shown b:v Lhin fra111e. 
Figure 5-4 Diagra1n1natic represe11La.tio11 of this database syste111. This representation 
is specialization version of the Fjgurc、 G-2
Figure 5-5 DisLribution of the ice(circle). eYapori Le(triangle) and plants(cross) pre­
sented by the database. 
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Figure G-1 Mean (horizontal bar). 25例a11d 737<1 rank ,·alucs of Lhe s叫1ples (thick 
vertical bar), n1iui111u111 aucl 111axiu1u111 (thiu Ycrtical bar) of 111(=100) esti111ate of 
"global n1ean te111peraturc" for each , し (=j, 10, SO. J.00, 500, 1000, 5000, 10000). 
X-axis is n ancl Y-axis is glo畑l mean LcrnprraLure ( ° C)
Figure 6-2 Latitudinal distribution of the Lcn1peraturc using in Ll1is calculation. To get 
11orn1alized data value to thr sea surface, we computed averages of tcrnprratnres 
at grid points on Lhe ocean at e\·er、y oue half <lcgrer of latitude irrespccLi vc o[ 
he1nispheres. vVe consider Lhis dataseL as "te111perature aL the sea level". 
Figure 6-3 Mean (horizontal bar), 25 % aud 75% rank vr1,lues of samples (thick vertical 
bar), 1ninimun1 and maxin1uu1 (thin vertical bar) of estirnate of "rnean Lcn1pera­
ture on the land' according Lo the chaugi11g la11cl-sea disLrib11tio11. X-axis is tirne 
(1nillion years) and Y-axis is global 1nea11 Len1perature (° C) 
Figure 6-4 Mean (horizontal bar) 、 25 (Yo ancl 7 5 o/cJ rank values of the sarn.ples (thick 
vertical bar), 1nini111un1 and rnaxi111u111 (thin vertical Lar) of estirnaLe of the "ice 
margin" of the diff紅ent land-sea clisLril1ution. X-axis is Lirne (1nillion years) and 
Y-axis is ice n1argin (degrees of lati L udr).
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